Ferric plasmonic nanoparticles, aptamers, and magneto-fluidic chips : toward the development of diagnostic surface-enhanced Raman spectroscopy assays by Marks, Haley et al.
Strathprints Institutional Repository
Marks, Haley and Huang, Po-Jung and Mabbott, Samuel and Graham, 
Duncan and Kameoka, Jun and Coté, Gerard (2016) Ferric plasmonic 
nanoparticles, aptamers, and magneto-fluidic chips : towards the 
development of diagnostic SERS assays. Journal of Biomedical Optics. 
pp. 1-32. ISSN 1083-3668 (In Press) , 
This version is available at http://strathprints.strath.ac.uk/58744/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (http://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any  correspondence  concerning  this  service  should  be  sent  to  Strathprints  administrator: 
strathprints@strath.ac.uk

)HUULFSODVPRQLFQDQRSDUWLFOHVDSWDPHUVDQGPDJQHWRIOXLGLF
FKLSVWRZDUGVWKHGHYHORSPHQWRIGLDJQRVWLF6(56DVVD\V

+DOH\0DUNVDE3R-XQJ+XDQJF6DPXHO0DEERWWE'XQFDQ*UDKDPE-XQ.DPHRNDG
*HUDUG&RWpDH

D7H[DV$	08QLYHUVLW\'HSDUWPHQWRI%LRPHGLFDO(QJLQHHULQJ&ROOHJH6WDWLRQ86$
E8QLYHUVLW\RI6WUDWKFO\GH'HSDUWPHQWRI3XUHDQG$SSOLHG&KHPLVWU\*ODVJRZ8.
F7H[DV$	08QLYHUVLW\'HSDUWPHQWRI0DWHULDO6FLHQFHDQG(QJLQHHULQJ&ROOHJH6WDWLRQ86$
G7H[DV$	08QLYHUVLW\'HSDUWPHQWRI(OHFWULFDODQG&RPSXWHU(QJLQHHULQJ&ROOHJH6WDWLRQ86$
H7H[DV$	0(QJLQHHULQJ([SHULPHQW6WDWLRQ&HQWHUIRU5HPRWH+HDOWK7HFKQRORJLHVDQG6\VWHPV&ROOHJH
6WDWLRQ86$
$EVWUDFW &RQMXJDWLRQ RI DSWDPHUV DQG WKHLU FRUUHVSRQGLQJ DQDO\WHV RQWR SODVPRQLF QDQRSDUWLFOHV PHGLDWHV WKH
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6(56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%3$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550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QDQRSDUWLFOH FRDWHG LQ %3$ DQDO\WH PHGLDWHV WKH IRUPDWLRQ RI QDQRSDUWLFOH DVVHPEOLHV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PROHFXODUO\ERXQGEXQGOHVRIVWDEOHFROORLGDOQDQRSDUWLFOHVZKLFKFDXVHDPHDVXUDEOHFKDQJHLQ
WKH  6(56 LQWHQVLW\  7R LPSURYH DQG VLPSOLI\ WKH GHWHFWLRQ RI WKH VPDOO WR[LF PROHFXOH
ELVSKHQRO$ E\ LWV DSWDPHU PXOWLSOH SODVPRQLF DQG PDJQHWLF QDQRSDUWLFOH FRPELQDWLRQV ZHUH
LQYHVWLJDWHG DQG WKH 6(56 DVVD\ UHVSRQVH LQ ERWK D WUDGLWLRQDO OLTXLG VXVSHQVLRQ DQG KRXVHG
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GLJO\FLG\O HWKHU %$'*(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
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)LJXUHFZKHUHELQGLQJDIILQLWLHVKDYHEHHQGHWHUPLQHGSUHYLRXVO\E\
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:KHQPL[HG WDUJHW DQGSUREHQDQRSDUWLFOHV FOXVWHU LQWR VPDOO FROORLGDOQHWZRUNV FUHDWLQJ
ORFDOL]HG µKRW VSRWV¶ RI HOHFWULF ILHOG DURXQG WKH 550V DW WKHQDQRSDUWLFOH LQWHUIDFH WKHUHIRUH
LQFUHDVLQJ WKH SRODUL]DELOLW\ RI WKH 5DPDQ UHSRUWHU ZKLFK LV REVHUYDEOH DV DQ LQFUHDVH LQ WKH
6(56 VSHFWUDO LQWHQVLW\ 7KLV ³6(56 RQ´ VSHFWUDO HQKDQFHPHQW FDQ WKHQ EH TXDQWLILDEO\
UHYHUVHGLH³WXUQHGRII´E\LQWURGXFLQJIUHH%3$WRWKHV\VWHPWRFRPSHWHZLWKWKHDSWDPHU
%$'*( LQWHUDFWLRQ FDXVLQJ WKHDVVHPEOLHV WR UHOHDVH WKH0*,7&WDJJHGQRQPDJQHWLF WDUJHW
$J13V 7ZR YDULHWDOV RI IHUULF QDQRSDUWLFOHV )H2 DQG )H&R2 ZHUH FRDWHG LQ VLOYHU DQG
FRPSDUHG DV SRWHQWLDO PDJQHWLF FRUHV IRU WKH SUREH QDQRSDUWLFOH 7KH WZR DVVD\V ZHUH ILUVW
FKDUDFWHUL]HGLQ³RQ´DQG³RII´PRGHXVLQJ'/6WRYHULI\WKHIRUPDWLRQRIQDQRSDUWLFOHQHWZRUN
DVVHPEOLHV 7KHQ WKH DVVD\ ZDV PRQLWRUHG RYHU WLPH E\ 5DPDQ VSHFWURVFRS\ LQ D VWDQGDUG
PLFURZHOOSODWHZKHUHDVVD\SDUWLFOHVDUHVXVSHQGHGLQVROXWLRQZLWKRXWPDJQHWLFPDQLSXODWLRQ
7KUHH GLIIHUHQW PDJQHWLF FKLS PRGDOLWLHV IRU KRXVLQJ WKH DVVD\ ZHUH H[SORUHG ZKHUH
SDUWLFOHVZHUHKRXVHGLQPLFURIOXLGLFFKLSVFDSDEOHRIPDJQHWLFDOO\ORFDOL]LQJWKHDVVD\FOXVWHUV
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ZLWKLQ D 3'06 FKDQQHO 5DPDQ PDSSLQJ RI WKH DVVD\V¶ 6(56 LQWHQVLW\ SURILOH ZKHQ KRXVHG
ZLWKLQWKHFKLSVZDVHPSOR\HGWRGHWHUPLQHWKHRSWLPDOVL]HRIQLFNHOSDGVSDWWHUQHGZLWKLQWKH
PDJQHWRIOXLGLFFKDQQHOV)LQDOO\WKHDVVD\ZDVORDGHGLQWRDSUHSDFNDJHGRSWLPL]HGFKLSDQG
ZDVWHVWHGDJDLQVWPJP/RIWKHHQGRFULQHGLVUXSWLQJWR[LQELVSKHQRO$%3$

2.1 Materials and Instrumentation 
7KHPRGLILHG%3$DSWDPHU¶>7KL66@>+(*@&&*&&*77**7*7**7***&&7$*
**& &** &** &*& $&$ *&7 *77 $7$ *$& *7& 7&& $*&¶ ZDV V\QWKHVL]HG E\
,QWHJUDWHG '1$ 7HFKQRORJLHV 86$  +HWHURELIXQFWLRQDO 3(* OLQNHU 1+3(*6+ N'D
ZDVSXUFKDVHGIURP1DQR&686$0DODFKLWHJUHHQLVRWKLRF\DQDWH0*,7&UHSRUWHUG\HZDV
SXUFKDVHG IURP ,QYLWURJHQ 8. $OO RWKHU UHDJHQWV ZHUH REWDLQHG IURP 6LJPD $OGULFK
86$8.
$9DULDQ&DU\%LR899LVLEOH6SHFWURSKRWRPHWHUZDVXVHGZLWKDVFDQ UDQJHRI
 QP IRU H[WLQFWLRQ PHDVXUHPHQWV 7KH ]HWD SRWHQWLDO DQG K\GURG\QDPLF GLDPHWHUV RI WKH
QDQRSDUWLFOHVZHUHPHDVXUHGRQD=HWDVL]HU1DQR=60DOYHUQ8.$OOPLFURSODWH5DPDQ
DQG 6(56 VSHFWUD ZHUH FROOHFWHG XVLQJ D 7KHUPR6FLHQWLILF ';5 5DPDQ FRQIRFDO PLFURVFRSH
ZLWKDJPPJUDWLQJ6(56PDSSLQJRIWKHPLFURIOXLGLFFKDQQHOVZDVGRQHXVLQJD:,7HF
$OSKD 5 FRQIRFDO 5DPDQ LQVWUXPHQW :,7HF *PE+ 8OP *HUPDQ\ ZLWK D JPP
JUDWLQJ ILWWHG ZLWK D SLH]RGULYHQ ;<= VFDQ VWDJH $OO VDPSOHV ZHUH SUREHG XVLQJ D ODVHU
ZDYHOHQJWKRIQPDQGFRXSOHGWRDWKHUPRHOHFWULFDOO\FRROHGFKDUJHFRXSOHGGHYLFH&&'
2.2 Colloid Synthesis 
6LOYHUFROORLG$J13ZDVV\QWKHVL]HGXVLQJWKHµFROG¶PHWKRGUHSRUWHGE\/HRSROGDQG/HQGO
+\GUR[\ODPLQHK\GURFKORULGHPOP0ZDVDGGHGWRP/RI1D2+P0XQGHU

YLJRURXV VWLUULQJ 6LOYHU QLWUDWH $J12 VROXWLRQ  P/  P0 ZDV DGGHG GURSZLVH DQG
VWLUUHGIRUPLQDWURRPWHPSHUDWXUH'\QDPLFOLJKWVFDWWHULQJ'/6PHDVXUHPHQWVUHYHDOHG
DQ DYHUDJH SDUWLFOH GLDPHWHU RI a QP QRW VKRZQ ZLWK D 3', LQGH[ RI  7KH VWRFN
SDUWLFOHFRQFHQWUDWLRQZDVGHWHUPLQHGWREHS0DFFRUGLQJWR%HHU¶V/DZXVLQJDQH[WLQFWLRQ
FRHIILFLHQWRIൈ0FPDWQP
6LOYHUFRDWHGFREDOWIHUULWHQDQRSDUWLFOHV$J#)H&R2ZHUHSUHSDUHGE\ILUVWV\QWKHVL]LQJ
DVWRFNVROXWLRQRIWKHFRUH)H&R2QDQRSDUWLFOHVWKURXJKFRSUHFLSLWDWLRQRILURQ,,,FKORULGH
0)H&ODQGFREDOW,,FKORULGH 0&R&O LQVRGLXPK\GUR[LGHVROXWLRQDWS+a
01D2+XVLQJDPHWKRGPRGLILHGIURP5XWLUDZXWet al7KHFREDOWIHUULWHVDOWVROXWLRQ
ZDVDGGHGUDSLGO\LQWR01D2+VROXWLRQXQGHUYLJRURXVVWLUULQJWKHQKHDGHGDW&IRU
K7KHFREDOWLURQR[LGHSUHFLSLWDWHGFROORLGZDVZDVKHGZLWKGHLRQL]HGZDWHULQWULSOLFDWHXVLQJ
DSHUPDQHQWQHRG\PLXPPDJQHW7RFRDWZLWKVLOYHU/RIWKHVHVWRFN013VZDVPL[HG
ZLWKP/RI0JOXFRVHDQGP/RIȝ0$J127KHVROXWLRQZDVVRQLFDWHGIRU
PLQWKHQKHDWHGWR&IRUPLQ)LQDOO\WKHSDUWLFOHVZHUHFHQWULIXJHGWKUHHWLPHVWRZDVK
DQGILQDOO\UHGLVSHUVHGLQP/RIP0VRGLXPFLWUDWH
6LOYHUFRDWHG IHUULWH QDQRSDUWLFOHV $J#)H2 ZHUH SUHSDUHG XVLQJ D FRSUHFLSLWDWLRQ
PHWKRG IRU WKH V\QWKHVLV RI WKH SDUWLFOH FRUH DQG JOXFRVH UHGXFWLRQ WR FRDW ZLWK VLOYHU DV
GHVFULEHG E\ .XPDU et al.  DQG 0DQGDO et al. UHVSHFWLYHO\ %ULHIO\ D VWRFN VROXWLRQ RI
PDJKHPLWH Ȗ)H2 QDQRSDUWLFOHV ZDV SUHSDUHG E\ DGGLQJ  P/ RI DQ DFLGLILHG LURQ VDOW
VROXWLRQ0)H0)H0+&OGURSZLVHWRP/RI01D2+DW&XQGHU
YLJRURXVQRQPDJQHWLFVWLUULQJ$IWHUPLQ WKHSDUWLFOHVZHUHDOORZHG WRFRROZDVKHG WZLFH
ZLWK',ZDWHUDQGRQFHZLWK0+12$QDGGLWLRQDOP/RI+12ZDVWKHQDGGHGWRWKH
VROXWLRQVWLUUHGDQDGGLWLRQDOPLQDW&DQGUHVXVSHQGHGLQGLVWLOOHGZDWHU7RFRDWZLWK

VLOYHUP/RIWKHVHVWRFN013VZDVPL[HGZLWKP/RI0JOXFRVHDQGP/RIȝ0
$J12 7KH VROXWLRQZDV VRQLFDWHG IRU  PLQ WKHQ KHDWHG WR  & IRU  PLQ )LQDOO\ WKH
SDUWLFOHVZHUHFHQWULIXJHGWKUHHWLPHVWRZDVKDQGUHGLVSHUVHGLQP/RIP0VRGLXPFLWUDWH

2.3 Target and Probe Nanoparticle Conjugation 
Aptamer/RRM AgNP Target Synthesis: 
3ULRU WR LPPRELOL]DWLRQ WKH %3$ DSWDPHUV ZHUH VXVSHQGHG LQ D  P0 SKRVSKDWH EXIIHU
3%6S+ DQG WUHDWHGZLWKPJRIGLWKLRWKUHLWRO '77 WR UHGXFH WKHLU GLVXOILGHERQGV
$IWHU  K WKH DSWDPHUV ZHUH SXULILHG XVLQJ D 1DQRVHSV N'D GHVDOWLQJ FROXPQ WR UHPRYH
UHVLGXDO'77ZDVKLQJWKUHHWLPHVLQ03%6S+7KHDSWDPHUVZHUHWKHQKHDWHGWR
& IRU  PLQ WR DOORZ DQ\ FURVVOLQNHG '1$ WR GHK\EULGL]H WKHQ DOORZHG WR FRRO DW URRP
WHPSHUDWXUH IRU  PLQ WR DOORZ VXIILFLHQW WLPH IRU WKH DSWDPHUV WR IROG LQWR WKHLU WHUWLDU\
VWUXFWXUHDWWKHLUVWURQJHVWIROGLQJWHPSHUDWXUHRI7 &
7DUJHW $J13V ZHUH IXQFWLRQDOL]HG ZLWK DSWDPHUV XVLQJ D PRGLILHG PHWKRG GHYHORSHG E\
=KDQJHWDO7KHDSWDPHU0ZDVDGGHG WRP/RIVLOYHUFROORLGS0DWDPRODU
UDWLRRIDQGOHIWVKDNLQJIRUK7KUHH/DOLTXRWVRIP0FLWUDWH+&OEXIIHUS+
 ZHUH WKHQ DGGHG  PLQ DSDUW DQG WKH VDPSOH ZDV OHIW DQ DGGLWLRQDO  PLQ EHIRUH
FHQWULIXJLQJDQGUHVXVSHQGLQJWKHDSWDPHUIXQFWLRQDOL]HGSDUWLFOHV LQP/RI03%6S+
 7KH 5DPDQ UHSRUWHU PROHFXOH PDODFKLWH JUHHQ LVRWKLRF\DQDWH 0*,7&  0 LQ
PHWKDQRO ZDV WKHQ DGGHG DW D  UDWLR DQG OHIW WR UHDFW ZLWK WKH DSWDPHU $J13V XQGHU
VRQLFDWLRQIRUKZKLFKZHUHWKHQFHQWULIXJHGDQGVWRUHGLQD03%6EXIIHUS+

Analyte Ag@MNP Probe Synthesis: 
7R V\QWKHVL]H  P/ RI %$'*( IXQFWLRQDOL]HG PDJQHWLF QDQRSUREHV WKH 6+3(*1+
OLQNHUZDVDGGHGGURSZLVHWRDQH[FHVVRIWKHDQDO\WH%$'*(LQ03%6EXIIHUS+
DQG OHIW RYHUQLJKW WR DOORZ FRQMXJDWLRQ EHWZHHQ WKHLU WHUPLQDO DPLQH DQG HSR[LGH JURXSV
UHVSHFWIXOO\7KHFRQMXJDWHVZHUHWKHQWUHDWHGZLWKDPLQRHWKDQROWRRSHQXQERXQGHSR[LGHULQJV
DQG SUHYHQW QRQVSHFLILF ELQGLQJ RI %$'*( WR WKH 550¶V DPLQH JURXSV 7KHVH 6+3(*
%$'*( FRQMXJDWHV ZHUH WKHQ DGGHG DW D  UDWLR WR  P/ RI VLOYHU FRDWHG PDJQHWLF
QDQRSDUWLFOHVVWRFNVGLOXWHGWRS0$IWHUKWKUHH/DOLTXRWVRIP0FLWUDWH+&O
EXIIHU ZHUH DJDLQ DGGHG  PLQ DSDUW DQG WKH VDPSOH ZDV OHIW DQ DGGLWLRQDO  PLQ EHIRUH
FHQWULIXJLQJDQGUHVXVSHQGLQJWKH%$'*(IXQFWLRQDOL]HGSDUWLFOHVLQP/RI03%6S+

2.4 Analysis of competitive binding assay in a microwell 
$OOPLFURZHOOPHDVXUHPHQWVZHUHFROOHFWHGXVLQJWKH7KHUPR6FLHQWLILF';55DPDQZLWK
DVSHFWUDOUDQJHIURPFP LQDWRWDOYROXPHRI/LQ03%6S+EXIIHU
ZLWKDQPODVHUSRZHURIP:DQGDQ LQWHJUDWLRQ WLPHRIV [VH[SRVXUHV$
VROXWLRQFRQWDLQLQJHTXDOYROXPHVRIS0RIHDFKRIWKHWDUJHWDQGSUREHQDQRSDUWLFOHVZDV
PRQLWRUHGZLWK6(56IRUKWRDOORZFRPSOHWHELQGLQJEHWZHHQWKHLPPRELOL]HG%3$DSWDPHUV
DQG %$'*( 7KH DVVHPEOHG QDQRSDUWLFOH FOXVWHUV ZHUH FROOHFWHG XVLQJ D QHRG\PLXP PDJQHW
KHOGDWWKHVLGHRIWKHJODVVYLDOWKHVXSHUQDWDQWFRQWDLQLQJDQ\XQERXQG$J13VZDVUHPRYHG
DQGWKHDVVHPEOHGQDQRSDUWLFOHVZHUHUHVXVSHQGHGLQ03%6S+)RUFRQILUPDWLRQRI
WKHIRUPDWLRQRIQDQRFOXVWHUVXVLQJ'/6/RIWKHDVVHPEOHGWDUJHWSUREH13VZHUHPL[HG
DQG DOORZHG WR VKDNH IRU  K EHIRUH FROOHFWLQJ VL]H PHDVXUHPHQWV 7R PRQLWRU FRPSHWLWLYH

ELQGLQJZLWK6(56/RIWKHDVVD\FOXVWHUVZHUHPL[HGZLWK/RI%3$S0WR0
LQ03%6S+DQG6(56PHDVXUHPHQWVZHUHWDNHQHYHU\VIRUPLQ
2.5 Fabrication of Ni-patterned magnetic microchannel 
(DFKPDJQHWRIOXLGLF6(56FKLSLVFRPSRVHGRIDQPWKLFNGHSRVLWHGQLFNHOSDWWHUQHGRQWR
DJODVVPLFURVFRSHVOLGHD3'06PLFURIOXLGLFFKDQQHODQGWZRSHUPDQHQWQHRG\PLXPPDJQHWV
KRXVHG DURXQG WKH 3'06 FKLS E\ D ' SULQWHG FDVLQJ &2062/ ZDV XVHG WR VLPXODWH WKH
GLVWULEXWLRQRILQGXFHGPDJQHWLFILHOGIRUGLIIHUHQWGHVLJQVE\PDSSLQJWKHWKHRUHWLFDOPDJQHWLF
IOX[GHQVLW\IRUWKHH[SHULPHQWDQGDUHVKRZQLQ)LJXUH)URPPRGHOLQJLWZDVUHYHDOHGWKDWDW
OHDVWWZRSDGVDUHQHFHVVDU\WRHYHQO\GLVWULEXWHWKHPDJQHWLFILHOGLQWKHFKDQQHOZKLFKZRXOG
OLHSHUSHQGLFXODUWRWKHJDSOLQHLQWKHUHG]RQHRID)LJXUHSUHVHQWVWKHLQLWLDOWZRGHVLJQV
LQYHVWLJDWHG 'HVLJQ $ µWKH VWUDLJKW SDWWHUQ )LJXUH D F DQG 'HVLJQ % µWKH PLFURPDJQHW
DUUD\¶SDWWHUQ)LJXUHEG7KHPDJQHWLFILHOGDFURVVWKHSDWWHUQVZKHUHWKH3'06FKDQQHO
ZLOOEHRYHUODLGLVLQGXFHGE\WKHWZRDWWUDFWLYHSHUPDQHQWQHRG\PLXPPDJQHWVRQHLWKHUVLGH
RIWKHSDGVDVVKRZQLQWKHVFKHPDWLFVLQ)LJXUHFDQGG,QWKHVHVFKHPDWLFVWKHSRODULW\IRU
WKHWRSPDJQHW LVQRUWKDQGERWWRPPDJQHW LVVRXWK WKHUHIRUHWKHSRODULW\RI WKH LQGXFHGILHOG
DFURVVWKHSDWWHUQLVUHYHUVHWRSRIWKHSDWWHUQLVWKHVRXWKSROHDQGERWWRPLVQRUWKSROH7KLVLV
GXHWRWKHLQGXFHGPDJQHWLFILHOGSURSDJDWLQJGRZQWKHGHSRVLWHGQLFNHOIURPWKHILHOGORRSLQJ
IURPWKHWRSWRWKHERWWRPH[WHUQDOPDJQHWV)URPWKHPDJQHWLFIOX[GHQVLW\PDSVLQ)LJXUHD
DQGE LW LVREVHUYHGWKDW WKHILHOG LVVWURQJHVWDW WKHFHQWHUVDQGHGJHVRI WKHQLFNHOSDGVIRU
ERWKSDWWHUQVDQGWKXVLWLVSUHGLFWHGWKDWWKHPDMRULW\RIPDJQHWLFQDQRSDUWLFOHVZLOOEHWUDSSHG
DWWKHµZDUP¶ORFDWLRQVZLWKLQWKHSDWWHUQVZKHUHWKHPDJQHWLFIOX[GHQVLW\LVWKHVWURQJHVW6LQFH
HDFK PLFURSDG KDV LWV RZQ GLVWULEXWLRQ RI PDJQHWLF IOX[ GHQVLW\ WKHQ HDFK PLFURSDG FDQ EH
FRQVLGHUHG DV DQ LQGLYLGXDO PLFURPDJQHW WKHUHE\ FUHDWLQJ D VHULHV RI µPDJQHWLF PLFURZHOOV¶

ZKHQKRXVHG LQD IOXLGLFFKLS ,W LVQRWHG WKDW LW LVGHVLUDEOH WKDW WKHPDJQHWLF ILHOG LVQRW WRR
VWURQJDVWRDJJUHJDWHWKHSDUWLFOHVLUUHYHUVLEO\RQWKHVXUIDFHRIWKHQLFNHO$ZHDNHUILHOGDOVR
DOORZVVSDFHIRUFRPSHWLWLYHELQGLQJWRFDXVHWKHUHOHDVHRIDQRQPDJQHWLFQDQRSDUWLFOHZLWKRXW
LWEHLQJFDSWXUHVE\DQRWKHUPDJQHWLFSUREHGRZQVWUHDP$FFRUGLQJWR'RHWDOWKHPDJQHWLF
ILHOG GLVWULEXWHG WR 1LSDGV ZLWK QPWKLFNQHVV VKRXOG GLVWULEXWH YHUWLFDOO\ ZLWK D KHLJKW RI
DSSUR[LPDWHO\P
7RIDEULFDWHWKHFKLSVWKHQLFNHOLVGHSRVLWHGRQWRDJODVVPLFURVFRSHVOLGHE\SKRWROLWKRJUDSK\
DQGHOHFWURQEHDPGHSRVLWLRQXVLQJDPHWKRGRORJ\GHULYHG IURP ,OLHYVNL HW DO%ULHIO\JODVV
VOLGHV DUH VSLQFRDWHG ZLWK /25 $ DQG 6 OLIWRII UHVLVWV DW  QP DQG  P
UHVSHFWLYHO\ $IWHU H[SRVXUH DQG GHYHORSPHQW WKH SDWWHUQ RI WKH 1L PLFURPDJQHW DUUD\ LV
YLVLEO\WUDQVIHUUHGRQWRWKHJODVVVOLGHV1H[WQPWKLFNFKURPLXPDQGQPWKLFNFRSSHU
DUHFRQWLQXRXVO\GHSRVLWHGRQWKHSDWWHUQDVWKHDGKHVLRQOD\HUDQGWKHQQPWKLFNQLFNHOLV
GHSRVLWHGDVWKHUGDQGILQDOµPDJQHWLFDOO\UHVSRQVLYHOD\HU¶$IWHUGHSRVLWLRQWKHHQWLUHJODVV
VOLGHLVSODFHGLQWRWKHFKHPLFDOVWULSSHURI/25$DW&LQRUGHUWRUHPRYHWKHSKRWRUHVLVW
OD\HU$XPWKLFNPLFURIOXLGLF FKDQQHO LV FRQVWUXFWHGXVLQJ D VLOLFRQZDIHU PROGYLD VRIW
OLWKRJUDSK\8QFXUHG3'06VROXWLRQLVSRXUHGRYHUWKHVLOLFRQZDIHUPROGDQGFXUHGDW
&IRUKDVSHUW\SLFDOVRIWOLWKRJUDSK\PHWKRGV/DVWO\WKH3'06PLFURIOXLGLFFKDQQHOLV
ERXQGWRWKHJODVVVOLGHSDWWHUQHGZLWKDPLFURPDJQHWDUUD\E\SODVPDHWFKLQJWUHDWPHQW7KH
QLFNHO SDGV ZLWKLQ WKH FKDQQHO DUH QRW PDJQHWLFDOO\ DFWLYDWHG XQWLO WKH ILQDO ' SULQWHG
QHRG\PLXPPDJQHWKROGHULVSODFHGDURXQGWKHFKDQQHO
2.6 SERS analysis of pre-bound assay particles housed in magnetic microfluidic 
$  / VROXWLRQ FRQWDLQLQJ HTXDO YROXPHV RI  S0 RI HDFK RI WKH WDUJHW DQG SUREH
QDQRSDUWLFOHV LQ D WRWDO YROXPH RI  /  0 3%6 ZDV DOORZHG WR IORZ WKURXJK WKH 1L

SDWWHUQHGPDJQHWLFFKDQQHOVDWDP/V\ULQJHSXPSUDWHRI/PLQDQGVXEVHTXHQWLDOO\OHIW
RYHUQLJKWWRGU\$IWHUUHLQWURGXFLQJSDUWLFOHVWR03%6WKH6(56SURILOHRIWKHORFDOL]HG
DVVHPEOHG QDQRSDUWLFOH FOXVWHUV ZHUH PDSSHG XVLQJ :L7HF 5DPDQ DQDO\VLV VRIWZDUH IRU FKLS
GHVLJQV $ 	 % DQG XVLQJ 7KHUPR6FLHQWLILF ';5 5DPDQ 2PQLF PDSSLQJ VRIWZDUH IRU FKLS
GHVLJQ&%RWKWKH:L7HFDQG7KHUPR6FLHQWLILF5DPDQPLFURVFRSHVXVHD[REMHFWLYH1$
 OLQHVPPJUDWLQJDQGDP:QPODVHUZKHUHDOO6(56PHDVXUHPHQWVZHUH
FROOHFWHG ZLWK DQ LQWHJUDWLRQ WLPH RI  V  [  V WRWDO H[SRVXUH DQG D VWHS VL]H RI  P
6HYHQWHHQPDSVZHUHFROOHFWHGIRUDWRWDO'PDSSLQJDUHDRI[[P;<=IRUFKLS
GHVLJQ$$GGLWLRQDOO\'PDSVZHUHVFDQQHGIRUDUHDVRIP[P;<IRUGHVLJQ%
DQGP[P;<	P[P;=IRUFKLSGHVLJQ&5DPDQVSHFWUDOPDSVRI
WKH0*,7&SHDNDWFPZHUHSURFHVVHGXVLQJ2ULJLQ3URJUDSKLQJVRIWZDUH
 5HVXOWVDQG'LVFXVVLRQ
3.1 Target and Probe Nanoparticle Conjugation 
$VVKRZQIURPWKH6(0LPDJHVDQG'/6SORWVLQ)LJXUHWKHDYHUDJHK\GURG\QDPLFSDUWLFOH
GLDPHWHURISUREH$J#)H2QDQRSDUWLFOHVFRDWHGLQ%$'*(ZDVGHWHUPLQHGE\'/6WREH
aQPZLWKDILQDOFRQFHQWUDWLRQRIS0DVGHWHUPLQHGE\D1DQRVLJKW17$)RUSUREH
WKH LURQ FRUH ZDV GRSHG ZLWK FREDOW WR LQFUHDVH WKH PDJQHWL]DWLRQ RI WKH SUREH SDUWLFOHV DQG
LPSURYHWKHFROOHFWLRQWLPH3UREH$J#)H&R2SDUWLFOHVZHUHaQPLQGLDPHWHUDQGILQDO
VWRFNFRQFHQWUDWLRQZDVS0DVGHWHUPLQHGE\17$7KHH[WLQFWLRQSURILOHRISODLQ$J13V
FRPSDUHGWRWKHPDJQHWLFFRUHVKHOOSDUWLFOHV$J#)H&R2DQG$J#)H2DUHVKRZQRQWKH
ULJKWLQ)LJXUHIRUUHIHUHQFH

 $FROORLG¶V]HWDSRWHQWLDO ȗ LV LQGLFDWLYHRI WKHUHODWLRQVKLSEHWZHHQ WKHSDUWLFOHV¶VXUIDFH
FKDUJHDQGWKHLULRQLFHQYLURQPHQWDQGWKXVFDQEHXVHGWRSUHGLFWORQJWHUPVWDELOLW\7KH$J
WDUJHWQDQRSDUWLFOHVZHUHIXQFWLRQDOL]HGZLWKDSWDPHUVDQG0&,7&DVGHVFULEHGDQG\LHOGHGDQ
DYHUDJHȗRI P9ZKHUHȗ!P9LQGLFDWHVVXIILFLHQWFROORLGDOVWDELOLW\6LOYHUFRDWHG
SUREHSDUWLFOHVRIWKH)H2DQG)H&R2YDULHWDOVFRDWHGLQ3(*\ODWHG%$'*(ZHUHIRXQGWR
KDYH ]HWD SRWHQWLDOV RI  P9 DQG  P9 UHVSHFWLYHO\ )LJ  LQGLFDWLQJ WKDW WKH 3(*
VSDFHUDQGWKH+(*PRGLILHGDSWDPHUSURYLGHDGHTXDWHSDUWLFOHVWDELOL]DWLRQLQWKH03%6
ELQGLQJEXIIHUEXWWKDWWKH&RGRSHGSDUWLFOHVZHUHVOLJKWO\OHVVVWDEOH
3.2 Analysis of competitive binding assay in a microwell 
 7KH 6(56 UHVSRQVH RI WKH SUREH DQG WDUJHW QDQRSDUWLFOHV DV WKH\ IRUP DVVHPEOHG DVVD\
QDQRFOXVWHUV DORQJ ZLWK WKH QDQRFOXVWHU DVVD\¶V VXEVHTXHQW QHJDWLYH 6(56 UHVSRQVH ZKHQ
LQWURGXFHGWRFRPSHWLQJ%3$ZDVILUVWDQDO\]HGLQDWUDGLWLRQDOPLFURZHOOSODWH$VVKRZQE\
)LJXUHDWKH6(56VLJQDORIWKHUHSRUWHUPROHFXOH0*,7&H[KLELWVDIROGLQFUHDVHLQ6(56
LQWHQVLW\DVLWH[SHULHQFHVDQLQFUHDVHLQWKHHOHFWURQGHQVLW\LQLWVLPPHGLDWHHQYLURQPHQWGXHWR
WKHDSWDPHULQGXFHGSODVPRQLFQDQRSDUWLFOHDVVHPEO\UHDFKLQJDVWHDG\VWDWHHTXLOLEULXPDIWHU
aK7KH'/6UHVXOWVLQ)LJXUHEVKRZWKDWXSRQSUREHDQGWDUJHWELQGLQJWKHDYHUDJHVL]HRI
WKHFROORLGLQFUHDVHVZKLFKFDQEHLQWHUSUHWHGDVIRUPDWLRQRIWKHDVVD\QDQRFOXVWHUV%ULQJLQJ
WKH QDQRSDUWLFOHV FORVHU WRJHWKHU DV WKH '/6 LQGLFDWHV LQFUHDVHV WKH QHW ILHOG LQWHQVLW\ DV KRW
VSRWVIRUPZKLFKOHDGVWRWKHLQFUHDVH6(56LQWHQVLW\
:KHQ IUHH %3$ LV DGGHG WR WKH DVVD\ QDQRSDUWLFOH DVVHPEO\ VROXWLRQ LW FRPSHWHV ZLWK
%$'*(RQWKHVXUIDFHRIWKHSUREHSDUWLFOHIRUWKHDSWDPHUELQGLQJVLWHVRQWKHWDUJHWSDUWLFOH
)LJXUH7KLVGLVVRFLDWLRQLVYHULILHGE\WKHGHFUHDVHLQ6(56LQWHQVLW\RIWKHSHDNDWFP
DURPDWLF&±+EHQGLQJYLEUDWLRQDOPRGH)LJXUHDDQGGHFUHDVHVWRDVWHDG\VWDWHRYHUWKH

FRXUVHRIaPLQDVFRPSHWLWLYHELQGLQJRFFXUV)LJXUHF7KLVLPSOLHVWKDWWKH%3$DSWDPHU
LPPRELOL]HGRQWKHWDUJHW$J13VPXVWµORRVHQ¶LQFUHDVHGQHWLQWHUSDUWLFOHGLVWDQFHRUUHOHDVH
IURP WKH %$'*( RQ WKH 013V LQ RUGHU WR PRUH IDYRUDEO\ ELQG WR IUHH %3$ 7KLV FDXVHV D
GHFUHDVH LQ WKH VROXWLRQ 6(56 VLJQDO GXH WR 0*,7& EHLQJ GLVSODFHG IXUWKHU IURP WKH
QDQRSDUWLFOHVXUIDFHLQWHUIDFHquantifiablyDVK\SRWKHVL]HGDQGDVGHPRQVWUDWHGLQ)LJXUHE
3.3 SERS analysis of pre-bound assay particles housed in magnetic microfluidic 
,QRUGHUWRGHYHORSDPRUHUHSHDWDEOH6(56DQDO\VLVSODWIRUPIRUDVVD\VUHO\LQJRQPDJQHWLF
QDQRSDUWLFOHVWZR1LSDWWHUQHGJODVVVOLGHVDQG3'06PLFURFKDQQHOZHUHGHYHORSHGWKDWFDQEH
PDJQHWLFDOO\DFWLYDWHGE\WZRQHRG\PLXPPDJQHWLFHQFDVHGDURXQGWKHRSWRIOXLGLFFKLS)LJXUH
6SHFLILFDOO\WKHPDJQHWLFFROOHFWLRQUDWHDQGWKH6(56HQKDQFHPHQWRIVLOYHUFRDWHG)H2
DQG)H&R2QDQRSDUWLFOHVERXQGWRWKH$JWDUJHWSDUWLFOHVZHUHFRPSDUHGIRUWZRGLIIHUHQW1L
SDWWHUQGHVLJQVDVVKRZQLQ)LJXUHVWUDLJKWFKLSGHVLJQ$FHQWHULPDJHVDQGVSRWWHGFKLS
GHVLJQ%ULJKWLPDJHV
8VLQJ ' 5DPDQ PDSSLQJ WKH VWUDLJKW FKDQQHO FKLS $ SURYLGHG D PRUH XQLIRUP
QDQRSDUWLFOH RUJDQL]DWLRQ ZLWK DQ DSSDUHQW FRHIILFLHQW RI YDULDWLRQ RI  DFURVV WKH HQWLUH
FKDQQHOZKHQLQIRFXVZLWKWKH1LSDGV+RZHYHURQO\WKHDVVD\ZLWKWKHOHVVVWDEOH&RGRSHG
$J#)H&R2SUREHZDVPDJQHWLFDOO\WUDSSHGZLWKLQFKLSGHVLJQ$7KLVZDVOLNHO\GXHWRLWV
UDSLGPDJQHWLFFROOHFWLRQUDWHRQWKHRUGHURIPLQXWHVFRPSDUHGWRKRXUVUHTXLUHGWRSXOOGRZQ
 P/ LQ D JODVV VFLQWLOODWLRQYLDOZKHQ FRPSDUHG WR WKH µSODLQ¶ EXW VWDEOH IHUULF SDUWLFOHV7R
LQYHVWLJDWHDGHSWKSURILOHRIWKHVWUDLJKWFKDQQHODIWHUH[SRVXUHWR/RI&RGRSHGIHUULF
DVVD\QDQRSDUWLFOHFOXVWHUVZDVREWDLQHGLQ WKHIRUPRI'5DPDQVSHFWURVFRSLFPDSV)LJXUH


7KHPDSLQ)LJXUHUHYHDOVWKDWWKHODUJHPDMRULW\RISDUWLFOHVDUHORFDWHGDWWKH bottom RI
WKHFKDQQHOQHDUWKHVXUIDFHRIWKHGHSRVLWHGQLFNHO8QIRUWXQDWHO\H[SRVXUHWR%3$FRPSHWLQJ
DQDO\WHDVKLJKDVPJP/DQRUGHURIPDJQLWXGHDERYHWKHSK\VLRORJLFDOUDQJHUHYHDOHGQR
VWDWLVWLFDOO\UHOHYDQWFKDQJHLQWKH6(56LQWHQVLW\LQWKHFKDQQHO,WLVK\SRWKHVL]HGWKDWWKLVLV
GXHWRWKHPDJQHWLFILHOGGHOLYHUHGWRWKHSDGVEHLQJWRRVWURQJDWLWVVXUIDFHDQGQRWUHDFKLQJWKH
IXOOKHLJKWRIWKHFKDQQHOZLWKXQLIRUPLW\7KLVIRUFHVWKHSDUWLFOHVWRRFORVHWRJHWKHUKLQGHULQJ
FRPSHWLWLYHELQGLQJRUHYHQFDXVLQJLUUHYHUVLEOHPHFKDQLFDODJJUHJDWLRQ7KLVLVFRQVLVWHQWZLWK
WKH&2062/PRGHOVLQ)LJXUHZKLFKSUHGLFWWKDWWKHPDJQHWLFILHOGLVPXFKVWURQJHUIRUD
SODQDU ILHOG RI 1L ZKHQ FRPSDUHG WR DQ DUUD\ SDWWHUQ $GGLWLRQDO HUURU LQ WKH SDUWLFOH GHSWK
GLVWULEXWLRQ FRXOG EH GXH WR WKH IDFW WKDW RQO\ WKH SRO\GLVSHUVH XQVWDEOH $J#)H&R2 SUREH
DVVD\ ZDV WUDSSHG ZLWKLQ FKLS GHVLJQ $ :KLOH WKLV GHVLJQ ZDV VLPSOHU WR SDWWHUQ DQG WKH
)H&R2FRUHEHLQJWKHPXFKVLPSOHUFKRLFH LQ WHUPVRIV\QWKHVLV LWZDVGHWHUPLQHG WKDW WKLV
µTXLFNDQGHDV\¶PRGDOLW\LVQRWVXIILFLHQWIRUPRQLWRULQJPROHFXODUELQGLQJHYHQWVZLWK6(56
+RZHYHULWPD\VWLOOEHYDOXDEOHDVDVLPSOHVROXWLRQIRUFRQWUROOLQJPDJQHWLFQDQRRUPLFUR
SDUWLFOHVIRUDVVD\ZDVKVWHSV7KLVGHVLJQFRXOGEHXVHGWRHLWKHUDXWRPDWHZDVKLQJVWHSVDQG
EXIIHU H[FKDQJHV RU DXWRPDWH WKH FDSWXUH DQG HQKDQFHPHQW RI WKH VSHFWUD RI VSHFLILF
FRPSRQHQWVLQDFRPSOH[VROXWLRQ
&KLS GHVLJQ % FRQVLVWLQJ RI D  [  1LSDG DUUD\ ZDV DEOH WR WUDS WKH PRUH VWDEOH
$J#)H2 EDVHG DVVD\ &KLS % GHPRQVWUDWHG D IROG LPSURYHPHQW LQ WKH ORFDOL]HG 6(56
HQKDQFHPHQW)LJXUHDFURVVWKHQLFNHOSDGVZKHQFRPSDUHGWRFKLS$DQGWKXVWKHRUHWLFDOO\
DOORZV IRU ORZHU OLPLWVRIGHWHFWLRQ6LQFH WKH&2062/PRGHOV LQ)LJXUH UHYHDOHG WKDW WKH
PDJQHWLFILHOGZRXOGEHZHDNHUEXWPRUHHYHQO\GLVWULEXWHGIRUWKHDUUD\SDWWHUQZHVXVSHFWWKDW
WKHLQFUHDVHLQ6(56HQKDQFHPHQWLVGXHWRDQLQFUHDVHLQWKHQXPEHURIDVVD\SDUWLFOHVWUDSSHG

QRWDQLQFUHDVHLQWKHPDJQHWLFILHOGVWUHQJWK,QWHUPVRITXDQWLILFDWLRQOLPLWVORRNLQJDWWKHUDZ
SHDNLQWHQVLW\DWFP WKHFRHIILFLHQWRIYDULDWLRQ&9DFURVVDOOSDGVZDVDWQHDUO\
 WKRXJK LQWHQVLW\PDSV LQ)LJXUH UHYHDO WKLV LVPDLQO\GXH D ODUJHU SRUWLRQRI SDUWLFOHV
ORFDWHGRQWRSURZRISDGV7KLVLVOLNHO\DGXHWRVHYHUDOLQFRPSOHWHQLFNHOSDGVLQWKHERWWRP
URZ ZKLFK SUHYHQW WKH PDJQHWLF ILHOG IURP SURSDJDWLQJ XQLIRUPO\ DFURVV WKH SDGV
8QIRUWXQDWHO\GHSWKSURILOHV IRUGHVLJQ%ZHUHXQDEOH WREHREWDLQHGDV WKH VPDOOSDG¶V ILHOG
ZDVVWLOO WRRFRQFHQWUDWHGQHDU WKHVXUIDFH\LHOGLQJHQKDQFHGDVVD\VLJQDORQO\ZKHQ LQ IRFXV
ZLWKWKHQLFNHOSDGDVEHIRUH
7RRYHUFRPHWKHLVVXHVZLWKFKLSGHVLJQV$	%DPRUHRSWLPL]HGFKLS&QLFNHOSDGSDWWHUQ
ZDVGHVLJQHG&KLSGHVLJQ&LQYROYHVD[DUUD\RIPDJQHWLFDOO\DFWLYDWHGSDGVKRXVHGZLWKLQ
WKH3'06FKDQQHO)LJXUHOHIWZKLFKSURYLGHVVLPLODUEHQHILWVDV&KLS%ZKLOHDYRLGLQJWKH
HUURULQGXFHGE\KDYLQJWZRIXOOURZVRISDGVZLWKLQWKHFKDQQHO7KLVGHVLJQDOORZVWKHILHOGWR
SURSDJDWH LQ D PDQQHU WKDW SURYLGHV LQGLYLGXDO SDG ILHOGV VWURQJ HQRXJK WR WUDS WKH ZHDNO\
PDJQHWLF\HWVWDEOH$J#)H2EDVHGDVVD\ZKLOHDOVRSURYLGLQJXQLIRUP6(56HQKDQFHPHQWLQ
WKH =GLPHQVLRQ ,Q RWKHU ZRUGV LW LV GHVLUHG WKDW WKH FROORLG LV VXVSHQGHG LQ VROXWLRQ LQ WKH
FKDQQHO DQG WKDW SDUWLFOHV DUH QRW LUUHYHUVLEO\ DJJUHJDWHG E\ WKH ILHOG SXOOLQJ WKHP WRR FORVH
WRJHWKHU RU RQWR WKH QLFNHO VXUIDFH VR WKDW WKH\ PD\ DYRLG VWHULF KLQGUDQFH ZKHQ H[SRVHG WR
%3$
7RSGRZQ5DPDQLQWHQVLW\PDSVRIFKLSORDGHGZLWKWKH)H2EDVHGDVVD\GHVLJQ&DUHDOVR
VKRZQLQ)LJXUH:KHQWKHFKDQQHOLVILOOHGZLWKGULHGDVVD\SDUWLFOHVWKHFKLSGHPRQVWUDWHG
6(56HQKDQFHPHQWVXSWRWLPHVKLJKHUWKDQGHVLJQ%DQGWLPHVKLJKHUWKDQGHVLJQ$DV
GHPRQVWUDWHG E\ FRPSDULQJ WKHLU DYHUDJHG IXOO VSHFWUD RYHU WKH QLFNHO SDWWHUQV LQ )LJXUH 
+RZHYHUIRUDPRUHFOHDUFRPSDULVRQDFURVVDOOWKUHHFRQGLWLRQVWKHPDSRIWKHGULHGDVVD\LQ

)LJXUHLVVFDOHGWRWKHPD[LPXPLQWHQVLW\RIWKH3%6FKLSZKLFKZDVWLPHVKLJKHUWKDQ
FKLS%DQGWLPHVKLJKHUWKDQFKLS$7KH3%6ILOOHGFKDQQHOZKHUHWKHPDSZDVFROOHFWHG
PDERYH WKHSDGVXUIDFHSURYLGHVDPSOH VSDFH IRUSDUWLFOH VXVSHQVLRQDQGYHULILHV WKDWDIWHU
ILOOLQJ WKH GULHG DVVD\ LQ WKH FKDQQHO ZLWK 3%6 WKH SDUWLFOHV DUH UHGLVSHUVHG  7KLV LV IXUWKHU
FRQILUPHGE\DQRYHUDOOGURSLQWKH6(56LQWHQVLW\ZKLFKUHPDLQHGVWHDG\RYHUKDIWHUWKHIXOO
 / RI SDUWLFOHV SDVVHG WKURXJK WKH FKLS $GGLWLRQDOO\ XSRQ LQWURGXFWLRQ RI  PJP/ RI
%3$DGUDVWLFGURSLQWKH6(56LQWHQVLW\DWFPZDVREVHUYHGDIWHUPLQXWHVFRQVLVWHQW
ZLWK WKH EHKDYLRU VHHQ ZKHQ WHVWLQJ WKH DVVD\ LQ WKH ZHOO SODWH DQG WKXV YDOLGDWLQJ WKH FKLSV
FDSDELOLW\IRUKRXVLQJDPROHFXODUO\PHGLDWHG6(56DVVD\
7RFRQILUPWKDWSDUWLFOHVZHUHQRWSHUPDQHQWO\ERXQGWRWKHQLFNHOSDGVGHSWKSURILOHV;=
RI FKLS GHVLJQ & ZHUH FROOHFWHG ZLWK DQG ZLWKRXW WKH V\ULQJH SXPS WXUQHG RQ DW  /PLQ
)LJXUH  :KHQ WKH SXPS LV RQ WKH SDUWLFOHV VLJQDO PRYHV ZLWK WKH GLUHFWLRQ RI IORZ
$OWKRXJKWKH&9DFURVVWKHHQWLUHFKDQQHOIRUGHVLJQ&LVVWLOOaDVZLWKGHVLJQ%ZKLOH
LQYHVWLJDWLQJ WKH VLJQDO YDULDELOLW\ DFURVV HDFK LQGLYLGXDO SDG LW ZDV GLVFRYHUHG WKDW WKH HUURU
FRXOG EH UHGXFHG WKURXJK LQGLYLGXDO QRUPDOL]DWLRQ WR WKH HDFK RI WKH ILYH SDGV¶ PD[LPXP
LQWHQVLW\DWWLPHW LHZKHQWKHFKDQQHOLVILOOHGZLWK3%67KHLPSURYHGVWDQGDUGHUURURI
WKHPHDQRIWKHILYHFKLSV\LHOGHGD&9RIaIXUWKHULPSURYLQJXSRQWKHSUHYLRXVGHVLJQV
 &RQFOXVLRQ
$³WXUQRII´6(56DVVD\SODWIRUP PHWKRGRORJ\KDV EHHQGHVFULEHG IRU WKHGHWHFWLRQRI VPDOO
WR[LQV XWLOL]LQJ DSWDPHUPHGLDWHG DVVHPEO\ RI FROORLGDO QDQRSDUWLFOHV LQWR QDQR FOXVWHUV 7KLV
FROORLGDO6(56DVVD\LVIRUPHGWKURXJKWKHPL[LQJRISUREHDQWLJHQDQGWDUJHWDSWDPHUG\H
QDQRSDUWLFOHV DQG UHDFKHV DQ HTXLOLEULXP DIWHU a K $  PLQ FRPSHWLWLYH ELQGLQJ HYHQW
LQLWLDWHGE\WKHSUHVHQFHRIDVOLWWOHDV/RIQ0ELVSKHQRO$LQIUHHVROXWLRQZDVPRQLWRUHG

,W ZDV GHWHUPLQHG WKDW WKH SUREH QDQRSDUWLFOHV KDYH VSHFLILF SUHIHUHQFH IRU WKH %3$ DSWDPHU
WDUJHWSDUWLFOHVDQGWKDWWKHSDUWLFOHVFRPSHWLWLYHO\ELQGZLWKIUHH%3$DVZHOOLPSO\LQJWKDWQR
QRQVSHFLILF ELQGLQJ RFFXUUHG 7KLV DSSURDFK KDV WKH SRWHQWLDO WR EH WUDQVODWHG WR DQ\
DSWDPHUDQWLJHQ SDLU DQG SURYLGHV WKH DGGHG EHQHILW RI PDJQHWLF PDQLSXODWLRQ RI WKH
QDQRSDUWLFOH VHQVLQJ QHWZRUN WR UHPRYH DQ\ XQERXQG QDQRSDUWLFOHV WKDW FRXOG SRWHQWLDOO\
LQWHUIHUHZLWKWKH5DPDQUHDGRXW
7KUHHPDJQHWLFPLFURIOXLGLFFKLSPRGDOLWLHVZHUHGHVLJQHGDQGWHVWHGZLWKWKHWZRPDJQHWLF
SUREH13FRUHW\SHV,WZDVIRXQGWKDWWKH$J#)H2SDUWLFOHVZHUHRQDYHUDJHODUJHU\HWPRUH
XQLIRUPLQVL]HDQGPRUHVWDEOHWKDQ$J#)H&R2+RZHYHUWKHDGGLWLRQRIFREDOWVLJQLILFDQWO\
LPSURYHGWKHFROOHFWLRQWLPHRISDUWLFOHVZLWKLQWKHPDJQHWLFFKLSVDQGZDVDOVRDPXFKVLPSOHU
V\QWKHVLVPHWKRG IRU WKH IHUULF FRUH8VLQJ'5DPDQPDSSLQJ WKH VWUDLJKW FKDQQHO FKLS$
GHVLJQ ZLWK WKH $J#)H2 SDUWLFOHV LQWULQVLFDOO\ SURYLGHG WKH PRVW XQLIRUP QDQRSDUWLFOH
RUJDQL]DWLRQKRZHYHUSDUWLFOHVZHUHIRXQGWREHORFDOL]HGPRVWO\GLUHFWO\RQWKHVXUIDFHRIWKH
SDG:KLOHQRWVXLWHGIRUWKLVDSSOLFDWLRQWKLVGHVLJQLVWKHVLPSOHVWWRSURGXFHDQGFRXOGSURYH
YDOXDEOHIRUUDSLGSURWRW\SLQJRIRWKHUPDJQHWLFQDQRSDUWLFOHDVVD\V
:KLOH WKH QLFNHO SDG DUUD\ FKDQQHO FKLS GHVLJQ % ZDV DEOH WR FDSWXUH WKH GHVLUDEOH
$J#)H2 SDUWLFOHV DQG GHPRQVWUDWHG D ODUJHU 6(56 HQKDQFHPHQW DQG WKXV D ORZHU RYHUDOO
OLPLWRIGHWHFWLRQ LWKDGH[WUHPHYDULDELOLW\EHWZHHQ LWVSDGV)RU WKHFKLS&GHVLJQXVLQJ
ODUJHUP[PVTXDUHSDGVLWZDVIRXQGWKDWWKHSDGWRSDGYDULDELOLW\FRXOGEHUHGXFHG
WR  WKURXJK QRUPDOL]DWLRQ WR WKH PD[LPXP LQWHQVLW\ ZLWKLQ D SDG $GGLWLRQDOO\ LW ZDV
GHPRQVWUDWHGWKDWWKLVXQLIRUPVLJQDOFRXOGEHREWDLQHGDVIDUDVPIURPWKHVXUIDFHRIWKH
QLFNHO SDGV DQG ZDV DEOH WR GHPRQVWUDWH WKH GHVLUHG ³6(56 RII´ DVVD\FRPSHWLWLYH ELQGLQJ
UHVSRQVHWR%3$7KHUHIRUHWKHFKLS&GHVLJQXVHGLQFRQMXQFWLRQZLWKWKH)H2PDJQHWLFFRUH

YDULHWDO RI WKH SUREH QDQRSDUWLFOH ZDV WKH PRVW VXFFHVVIXO LWHUDWLRQ RI WKH H[SHULPHQW IRU
PRQLWRULQJ %3$ 'XH WR WKH LQWULQVLF SURSHUWLHV RI FROORLGDO SODVPRQLF QDQRSDUWLFOHV WKLV
SODWIRUP WHFKQRORJ\ FRXOG SRWHQWLDOO\ EH WXQHG WR YLUWXDOO\ DQ\ ELRPDUNHUVHQVLQJ OLJDQG SDLU
DQGHYHQPXOWLSOH[HGXVLQJPXOWLSOH5DPDQUHSRUWHUPROHFXOHV
Disclosures  
1RFRQIOLFWVRILQWHUHVWILQDQFLDORURWKHUZLVHDUHGHFODUHGE\WKHDXWKRUV

Acknowledgments 
7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW IURP WKH 1DWLRQDO ,QVWLWXWH RI
(QYLURQPHQWDO +HDOWK 6FLHQFHV RI WKH 1DWLRQDO ,QVWLWXWHV RI +HDOWK XQGHU JUDQWV QXPEHU
5(6 DQG 3(6 7KH FRQWHQW LV VROHO\ WKH UHVSRQVLELOLW\ RI WKH DXWKRUV DQG
GRHVQRWQHFHVVDULO\UHSUHVHQWWKHRIILFLDOYLHZVRIWKH1DWLRQDO,QVWLWXWHVRI+HDOWK7KHDXWKRUV
DOVRZLVKWRDFNQRZOHGJHWKH:KLWDNHU,QWHUQDWLRQDO)RXQGDWLRQIRUWKHLUIHOORZVKLSVXSSRUWWKDW
IDFLOLWDWHGWKLVFROODERUDWLYHZRUN7KHDXWKRUVZRXOGOLNHWRWKDQN6WHYHQ$VLDOD	$OH[DQGUH
*LUDUG RI WKH 8QLYHUVLW\ RI 6WUDWKFO\GH 0LWFKHOO 5RELQVRQ 	 0DULDQD 'LD] RI 7H[DV $	0
8QLYHUVLW\ DQG %LOO -DFNVRQ DW %DVH 3DLU %LRWHFKQRORJLHV 3HDUODQG 7H[DV 86$ IRU WKHLU
DVVLVWDQFHDQGKHOSIXOWHFKQLFDOGLVFXVVLRQVRQWKHXVHRIDSWDPHUVDQG5DPDQPDSSLQJDQGGDWD
SURFHVVLQJ  $V SHU 63,( JXLGHOLQHV WKH DXWKRUV DFNQRZOHGJH WKH 63,( 3KRWRQLFV :HVW
SURFHHGLQJVQXPEHU1LQZKLFKSDUWRIWKLVZRUNZDVSUHVHQWHGLQ6DQ)UDQFLVFR&$RQ
)HE
References 
 &ROOLQV)+DVWKHUHYROXWLRQDUULYHG"Nature
 +RRG / +HDWK -5 3KHOSV 0( 	 /LQ % 6\VWHPV ELRORJ\ DQG QHZ WHFKQRORJLHV HQDEOH
SUHGLFWLYHDQGSUHYHQWDWLYHPHGLFLQHScience

 5DSSDSRUW60,PSOLFDWLRQVRIWKHH[SRVRPHIRUH[SRVXUHVFLHQFHJournal of Exposure Science 
and Environmental Epidemiology
 5RFKHOHDX &0 HW DO 0DWHUQDO H[SRVXUH WR SRO\FKORULQDWHG ELSKHQ\OV DQG WKH VHFRQGDU\ VH[
UDWLRDQRFFXSDWLRQDOFRKRUWVWXG\Environmental health : a global access science source

 *HOOQHU0.RPSH.	6FKOXFNHU60XOWLSOH[LQJZLWK6(56ODEHOVXVLQJPL[HG6$0VRI
5DPDQUHSRUWHUPROHFXOHVAnalytical and Bioanalytical Chemistry
 &KHQ 6< 	 /D]DULGHV $$ 4XDQWLWDWLYH $PSOLILFDWLRQ RI &\ 6(56 LQ µ:DUP 6SRWV¶
&UHDWHGE\3ODVPRQLF&RXSOLQJLQ1DQRSDUWLFOH$VVHPEOLHVRI&RQWUROOHG6WUXFWXUHThe Journal 
of Physical Chemistry C
 *HOOQHU0HWDO6(56PLFURVFRS\SODVPRQLFQDQRSDUWLFOHSUREHVDQGELRPHGLFDODSSOLFDWLRQV
Proc Spie
 .USHWLü ä HW DO ,PSRUWDQFH RI QDQRSDUWLFOH VL]H LQ FRORULPHWULF DQG 6(56EDVHG PXOWLPRGDO
WUDFHGHWHFWLRQRI1L,,LRQVZLWKIXQFWLRQDOJROGQDQRSDUWLFOHVSmall
 <RRQ - HW DO+LJKO\ VHQVLWLYHGHWHFWLRQRI WKURPELQXVLQJ6(56EDVHGPDJQHWLFDSWDVHQVRUV
Biosensors & bioelectronics
 *DR5HW DO)DVWDQGVHQVLWLYHGHWHFWLRQRIDQDQWKUD[ELRPDUNHUXVLQJ6(56EDVHGVROHQRLG
PLFURIOXLGLFVHQVRUBiosensors and Bioelectronics
 &KRQ + HW DO 2Q&KLS ,PPXQRDVVD\ 8VLQJ 6XUIDFH(QKDQFHG 5DPDQ 6FDWWHULQJ RI +ROORZ
*ROG1DQRVSKHUHVAnalytical Chemistry
 +DQ % &KRL 1 .LP .+ /LP ': 	 &KRR - $SSOLFDWLRQ RI 6LOYHU&RDWHG 0DJQHWLF
0LFURVSKHUHVWRD6(56%DVHG2SWRIOXLGLF6HQVRUJournal of Physical Chemistry C

 3DUN+<HWDO)DEULFDWLRQRIPDJQHWLFFRUH#VKHOO)HR[LGH#$XQDQRSDUWLFOHVIRULQWHUIDFLDO
ELRDFWLYLW\DQGELRVHSDUDWLRQLangmuir
 &DUUROO.-HWDO9RO
 *XYHQ % %DVDUDQ$NJXO 1 7HPXU ( 7DPHU 8 	 %R\DFL ,+ 6(56EDVHG VDQGZLFK
LPPXQRDVVD\ XVLQJ DQWLERG\ FRDWHG PDJQHWLF QDQRSDUWLFOHV IRU (VFKHULFKLD FROL HQXPHUDWLRQ
Analyst
 'RQQHOO\ 7 6PLWK :( )DXOGV . 	 *UDKDP ' 6LOYHU DQG PDJQHWLF QDQRSDUWLFOHV IRU
VHQVLWLYH'1$GHWHFWLRQE\6(56Chemical Communications
 -R0HW DO'HYHORSPHQWRI VLQJOHVWUDQGHG'1$DSWDPHUV IRU VSHFLILFELVSKHQRODGHWHFWLRQ
Oligonucleotides
 0DUNV +/ 3LVKNR 09 -DFNVRQ *: 	 &RWp */ 5DWLRQDO 'HVLJQ RI D %LVSKHQRO $
$SWDPHU 6HOHFWLYH 6XUIDFH(QKDQFHG 5DPDQ 6FDWWHULQJ 1DQRSUREH Analytical Chemistry 

 0DUNV+HWDO9RO11
 0DUNV+0DEERWW6-DFNVRQ*:*UDKDP'	&RWH*/9RO&&

 /HRSROG1	/HQGO%$QHZPHWKRGIRUIDVWSUHSDUDWLRQRIKLJKO\VXUIDFHHQKDQFHG5DPDQ
VFDWWHULQJ 6(56DFWLYH VLOYHU FROORLGV DW URRP WHPSHUDWXUHE\ UHGXFWLRQRI VLOYHUQLWUDWHZLWK
K\GUR[\ODPLQHK\GURFKORULGHThe Journal of Physical Chemistry B
 <JXHUDELGH - 	 <JXHUDELGH (( /LJKW6FDWWHULQJ 6XEPLFURVFRSLF 3DUWLFOHV DV +LJKO\
)OXRUHVFHQW$QDORJVDQG7KHLU8VHDV7UDFHU/DEHOV LQ&OLQLFDODQG%LRORJLFDO$SSOLFDWLRQV,
7KHRU\Analytical Biochemistry
 .XPDU * HW DO 0HWDOFRDWHG PDJQHWLF QDQRSDUWLFOHV IRU VXUIDFH HQKDQFHG 5DPDQ VFDWWHULQJ
VWXGLHVBull Mater Sci
 0DQGDO0HWDO0DJQHWLWHQDQRSDUWLFOHVZLWK WXQDEOHJROGRUVLOYHUVKHOOJ Colloid Interf Sci

 =KDQJ;6HUYRV05	/LX-)DVWS+DVVLVWHGIXQFWLRQDOL]DWLRQRIVLOYHUQDQRSDUWLFOHVZLWK
PRQRWKLRODWHG'1$Chem. Commun.

 'R-	$KQ&+$SRO\PHUODERQDFKLSIRUPDJQHWLFLPPXQRDVVD\ZLWKRQFKLSVDPSOLQJ
DQGGHWHFWLRQFDSDELOLWLHVLab on a Chip - Miniaturisation for Chemistry and Biology

 'R-&KRL-:	$KQ&+/RZFRVWPDJQHWLFLQWHUGLJLWDWHGDUUD\RQDSODVWLFZDIHUIEEE 
Transactions on Magnetics
 3RZHU$&%HWWV$-	&DVVLG\-)1RQDJJUHJDWHGFROORLGDOVLOYHUQDQRSDUWLFOHVIRUVXUIDFH
HQKDQFHGUHVRQDQFH5DPDQVSHFWURVFRS\Analyst

)LJXUH7RSa) 6FKHPDWLFLOOXVWUDWLRQRIWKHDSWDPHUPHGLDWHGµWXUQRII¶6(56FRPSHWLWLYHELQGLQJDVVD\
%RWWRP7DUJHWEDQGSUREHFQDQRSDUWLFOHFRQMXJDWHFRPSRQHQWV

)LJXUH&2062/VLPXODWLRQUHVXOWVRIWKHPDJQHWLFIOX[GHQVLW\LQWHQVLW\GLVWULEXWLRQIRUDVWUDLJKW1LSDGV
DQGEDQDUUD\1LSDGVGHPRQVWUDWLQJWKDWWKHPDJQHWLFILHOGLVVWURQJHUIRUDSODQDUILHOGRI1LEXWLVPRUH
HYHQO\GLVWULEXWHGIRUWKHDUUD\SDWWHUQ,WLVGHVLUHGWKDWWKHPDJQHWLFILHOGLVXQLIRUPQRWWRRVWURQJDVWRDJJUHJDWH
WKHSDUWLFOHVLUUHYHUVLEO\RQWKHVXUIDFHRIWKHQLFNHOVFKHPDWLFGLDJUDPIRUFVWUDLJKWDQGGDUUD\PLFURPDJQHW
GHVLJQSDWWHUQV$ FP* P

)LJXUHLeft: 6(0LPDJHVRIWKHWZRSUREHQDQRSDUWLFOHVCenter: '/6VL]HGLVWULEXWLRQDQG]HWDSRWHQWLDOGDWD
GHPRQVWUDWLQJSDUWLFOHVL]HDQGVWDELOLW\Right: &RPSDULVRQRIWKHH[WLQFWLRQSURILOHRI)HEODFNDQG)H&RUHG
FRUHQDQRSDUWLFOHVDIWHUFRDWLQJZLWKVLOYHU7KHVSHFWUDIRUSODLQ$J13VXVHGDVWKHWDUJHWQDQRSDUWLFOHVLVVKRZQ
IRUUHIHUHQFH

)LJXUHTop- 6FKHPDWLFRIQDQRFOXVWHUDVVHPEO\D6(56VSHFWUDOLQWHQVLW\IURPWDUJHWQDQRSDUWLFOHFRQMXJDWHG
WRHLWKHUD%3$VSHFLILFEODFNRUDQRQVSHFLILFUHGDSWDPHUVHTXHQFHPRQLWRUHGIRUKDIWHUH[SRVXUHWRWKH
$J#)HSUREHQDQRSDUWLFOHVDWDPRODUUDWLR&RUUHODWLRQFRHIILFLHQWRIWKHH[SRQHQWLDOILWLVU 
E9DOLGDWLRQE\'/6WKDW6(56HQKDQFHPHQWIDFLOLWDWHGE\QDQRSDUWLFOHDVVHPEOLHVIRUERWKSUREHW\SHV

)LJXUH Top- 6FKHPDWLFRIQDQRFOXVWHUGLVVRFLDWLRQLQWKHSUHVHQFHRIWKHDQDO\WH%3$a) 6(56VSHFWUDRIDVVD\
QDQRFOXVWHUVWDNHQDWPLQLQWHUYDOVIRUPLQXWHVDIWHUH[SRVXUHWR%3$b)$YHUDJH6(56SHDNLQWHQVLW\DW
FPDIWHUPLQXWHVRIUHDFWLRQWLPHZLWK%3$DVDIXQFWLRQRIFRQFHQWUDWLRQc) 1DQRFOXVWHU DVVD\UHVSRQVHDIWHU
H[SRVXUHWRQ0RIWKHFRPSHWLQJDQDO\WH%3$LQIUHHVROXWLRQDVDIXQFWLRQRIWLPHZKHUHWKHUFRHIILFLHQW
RIWKHILWVIRUWKHWLPHUHVSRQVHFXUYHVDJDLQVWDQGQ0%3$ZHUHUHVSHFWLYHO\

)LJXUH0DJQHWRIOXLGLFFKLSGHVLJQVLeft: 7RSGRZQDQGLVRPHWULFLPDJHVRIWKHH[SHULPHQWDOVHWXSIRU5DPDQ
PDSSLQJRIWKHDVVD\QDQRSDUWLFOHFOXVWHUVZLWKLQWKHPDJQHWLFPLFURIOXLGLFCenter:6FKHPDWLF	EULJKWILHOG
LPDJHVRIWKH1LSDWWHUQHGGHWHFWLRQUHJLRQVWKURXJKD[REMHFWLYHIRUFKLSGHVLJQ$Right: 6DPHDVFHQWHUIRU
FKLSGHVLJQ%

)LJXUH&KLSGHVLJQ$'LQWHQVLW\SURILOHVWDFNHG;<5DPDQLQWHQVLW\PDSVRIWKHVWUDLJKWFKDQQHOGHVLJQ
ILOOHGZLWK$J#)H&RDVVD\FOXVWHUVUHYHDOLQJWKDWWKHPDMRULW\RISDUWLFOHVDUHORFDWHGDWWKHERWWRPRIWKHFKDQQHO
QHDUWKHVXUIDFHRIWKHQLFNHOSDG

)LJXUH&KLSGHVLJQ%5DPDQ;<LQWHQVLW\SURILOHORRNLQJDWWKHFHQWHUFROXPQIURPWKH[DUUD\RI1LSDGVLW
LVQRWLFHDEOHWKDWSDUWLFOHVIDYRUWKHWRSURZRISDGVZKLFKDUHPRUHXQLIRUPWKDQWKHERWWRPURZDQGWKXVSURYLGH
DPRUHXQLIRUPILHOG

)LJXUH&KLSGHVLJQ&5DPDQ;<LQWHQVLW\SURILOHDQGUHVSRQVHWR%3$ORRNLQJDWWKHHQWLUHOHQJWKRIWKH[
DUUD\RI1LSDGV,WLVQRWLFHDEOHWKDW6(56LQWHQVLW\RIWKHSDUWLFOHVLVUHGLVWULEXWHGZKHQEXIIHULVLQWURGXFHV
LQGLFDWLQJSDUWLFOHUHVXVSHQVLRQ8SRQLQWURGXFWLRQWRPJP/RI%3$WKHQHW6(56LQWHQVLW\RYHUHDFKSDG
GHFUHDVHGLQUHVSRQVHWRFRPSHWLWLYHELQGLQJ


)LJXUH6(56VSHFWUDIRUWKHDYHUDJHDFURVVWKHHQWLUH1LSDWWHUQHGDUHDIRUDOOWKUHHFKLSGHVLJQV+HUHLWLV
REVHUYHGWKDWFKLS&SURYLGHVDIROGHQKDQFHPHQWFRPSDUHGWRFKLS$DQGDIROGHQKDQFHPHQWFRPSDUHGWR
FKLS%

)LJXUH&KLSGHVLJQ&5DPDQLQWHQVLW\GHSWKSURILOHORRNLQJDWWKHGHSWKSURILOHRIWKHVHFRQGSDGLQWKHDUUD\
Left0DSVKRZVWKDWDVVD\FOXVWHUVDUHQRWERXQGWRWKHVXUIDFHDQGDUHDEOHWRPRYHZLWKWKHSXPSIORZDVD
FROORLGDOVXVSHQVLRQRight: 0DSVKRZVDVVD\FOXVWHUUHRUJDQL]HRYHUWKHFHQWHURIWKHSDGZKHQWKHSXPSLVWXUQHG
RII












